MitoNEET (mNT) (CDGSH iron-sulfur domain-containing protein 1 or CISD1) is an outer mitochondrial membrane protein that donates 2Fe-2S clusters to apo-acceptor proteins. In the present study, using a global mNT knock-out (mNTKO) mouse model, we investigated the in vivo functional role of mNT in the development of alcoholic steatohepatitis. Experimental alcoholic steatohepatitis was achieved by pair feeding wild-type (WT) and mNTKO mice with Lieber-DeCarli ethanol-containing diets for 4 weeks. Strikingly, chronically ethanol-fed mNTKO mice were completely resistant to ethanolinduced steatohepatitis as revealed by dramatically reduced hepatic triglycerides, decreased hepatic cholesterol level, diminished liver inflammatory response, and normalized serum ALT levels. Mechanistic studies demonstrated that ethanol administration to mNTKO mice induced two pivotal endocrine hormones, namely, adipose-derived adiponectin and gut-derived fibroblast growth factor 15 (Fgf15). The elevation in circulating levels of adiponectin and Fgf15 led to normalized hepatic and serum levels of bile acids, limited hepatic accumulation of toxic bile, attenuated inflammation, and amelioration of liver injury in the ethanol-fed mNTKO mice. Other potential mechanisms such as reduced oxidative stress, activated Sirt1 signaling, and diminished NF-B activity also contribute to hepatic improvement in the ethanol-fed mNTKO mice. In conclusion, the present study identified adiponectin and Fgf15 as pivotal adipose-gut-liver metabolic coordinators in mediating the protective action of mNT deficiency against development of alcoholic steatohepatitis in mice. Our findings may help to establish mNT as a novel therapeutic target and pharmacological inhibition of mNT may be beneficial for the prevention and treatment of human alcoholic steatohepatitis.
NEET proteins (mitoNEET (CISD1, mNT), 3 nutrient-deprivation autophagy factor-1 (NAF-1; CISD2), and Miner 2 (CISD3)) are a class of redox active iron-sulfur (2Fe-2S) proteins (1, 2) . Among the three NEET family members, mNT encoded by the CISD1 gene is the founding member of the NEET family, and it is localized in the outer mitochondrial membrane and regulates the maturation and shuttling of 2Fe-2S clusters. mNT has been identified as a mitochondrial target of the anti-diabetic thiazolidinedione drugs (3, 4) . Thiazolidinediones such as pioglitazone are capable of binding and stabilizing the mNT protein against 2Fe-2S cluster release, and thus, protecting tissue from mitochondrial injury (4) . NAF-1 encoded by CISD2 is closely related to mNT, sharing 44% overall sequence identity and highly similar structure and functions (1, 5) . However, the functions of CISD3 are not well understood.
Increasing evidences have revealed that mNT is an important regulator of diverse biological processes, including mitochondrial function, iron metabolism, reactive oxygen species (ROS) homeostasis, lipid metabolism, inflammation process, and autophagy (1-4, 6 -15) . Utilizing gain and loss of function mouse models, studies have demonstrated that overexpression of mNT in adipose or in liver is associated with a lower mitochondrial membrane potential, reduced rate of ␤-oxidation, lower levels of ROS-induced damage, and attenuated inflammation in those organs. Conversely, a systemic reduction in mNT expression heightens ROS in adipose and liver and leads to insulin resistance in mice (11) . Additionally, mNT overexpression in adipose of mice also enhances subcutaneous adipose tissue browning (12) .
Adiponectin is a hormone secreted largely from adipocytes that exerts multiple beneficial effects including lipid lowering and anti-inflammatory properties (16, 17) . Adiponectin circulates as multimers of high (HMW), middle, and low molecular weight. The HMW form is the active form of adiponectin. Interestingly, mNT is known to involve in regulation of adipose adiponectin production (11) . Adipocyte-specific mNT overexpression increases adiponectin production, transcriptionally and post-transcriptionally, and eventually increases circulating levels of total and HMW adiponectin in mice (11) . The ability of mNT to stimulate adiponectin production and release is partially mediated by a selective modulation of the mitochondrial electron transport activity and regulation of intracellular iron metabolism in adipose tissues (11) .
Fibroblast growth factor (Fgf) 15 (human homolog, FGF19) is a terminal small intestine (ileum)-derived hormone that functions as a central regulator of glucose, lipid, and bile acid metabolism (18) . In liver, circulating Fgf15 signals through binding and activating receptor complex comprised of fibroblast growth factor receptor R4 (Fgfr4) and ␤-Klotho (␤-Kl) (19, 20) . Physiological regulation of bile acid synthesis is maintained through a feedback mechanism mediated by Fgf15 via inhibition of cholesterol 7␣-hydroxylase 1 (Cyp7a1), the rate-limiting enzyme for hepatic bile acid synthesis (21) .
Growing evidences suggest an association and cross-talk between adipocyte-derived adiponectin and ileum Fgf15 in the regulation of hepatic bile acid homeostasis, lipid metabolism, and inflammation (22) (23) (24) (25) (26) (27) . For instance, circulating adiponectin and Fgf15 were concomitantly elevated in Fgfr4 knock-out mice leading to improvement in glucose metabolism, insulin sensitivity, and reduction in body weight under high fat diet feeding (22) . Emerging evidence also demonstrates a role of adiponectin in regulating bile acid homeostasis. Bile acid synthesis and serum bile acid levels are correlated with disease severity in liver diseases such as non-alcoholic fatty liver disease, whereas adiponectin is reversely correlated (28) . Nonetheless, whether and how adiponectin and Fgf15 regulate each other and the underlying mechanisms of their concerted action in the liver are unknown.
Clinically, alcoholic steatosis/steatohepatitis is considered as the initial stages of alcoholic liver disease (ALD), which can progress to more severe forms of liver injury, including fibrosis, cirrhosis, and liver failure (29) . Considerable evidences suggest that functional alterations of hepatic mitochondria, compromised iron metabolism, and aberrant adiponectin signaling are major anomalies in ALD in humans (29 -31) . However, the exact pathogenic mechanisms of ethanol-induced dysregulation of liver mitochondria function and adiponectin, ethanolcaused aberrant iron metabolism, and their contributions to the development and progression of alcoholic steatosis/steatohepatitis remain elusive.
The involvements of mNT in mitochondrial homeostasis, iron and lipid metabolism, and adiponectin production prompted us to test a hypothesis that mNT might play a pivotal role in the development of alcoholic steatosis/steatohepatitis. To test this hypothesis, we induced alcoholic fatty liver injury by pair feeding wild-type (WT) and mNT knock-out (mNTKO) mice with Lieber-DeCarli ethanol-containing diets for 4 weeks. Remarkably, following chronic ethanol feeding, mNTKO mice were completely resistant to steatosis, inflammation, and liver injury compared with ethanol-fed WT or mNTKO mice on a control diet. Mechanistically, the protective action of mNT deficiency against alcoholic steatohepatitis in mice was mediated, at least in part, through coordinated regulation of adiposederived adiponectin and ileum Fgf15, and their concerted hepatic signaling.
Results

mNT Deficiency Alleviated Experimental Alcoholic Fatty
Liver Injury in Mice-The in vivo function of mNT in the development of alcoholic stestosis/steatohepatitis was investigated by pair feeding WT and mNTKO mice using Lieber-DeCarli liquid diet for 4 weeks (32, 33) .
During the 4-week feeding period, ethanol consumption had no apparent effect on the health status of the mice except inducing fatty liver injury. As shown in Table 1 , the liver weight was significantly increased in ethanol-fed WT mice compared with WT control mice, it was unchanged in mNTKO mice fed with or without ethanol. The liver/body weight ratio was significantly increased in ethanol-fed WT and ethanol-fed mNTKO mice compared with WT control mice (Table 1) . However, in comparison with ethanol-fed WT mice, the liver/body weight ratio in ethanol-fed mNTKO mice was significantly attenuated ( Table 1) .
The hepatic mRNA and protein expression levels of mNT were not significantly altered in the ethanol-fed WT mice compared with the WT pair-fed control mice ( Fig. 1 ). However, mNT was completely removed in the livers of mNTKO mice fed either with or without ethanol ( Fig. 1 ). Hepatic mRNA expression levels of Cisd2 and Cisd3 were similar in the WT mice fed either with or without ethanol ( Fig. 1A) . Ablation of mNT led to significant increases in the mRNA levels of Cisd2 and Cisd3 in the livers of mNTKO mice fed with a control diet compared with the WT controls ( Fig. 1A ). However, ethanol administration to mNTKO mice suppressed mRNAs of Cisd2 and Cisd3 compared with WT controls (Fig. 1A ).
As expected, ethanol feeding significantly increased liver triglyceride (TG) and cholesterol contents compared with the pair-fed WT control mice (Fig. 2, A and B) . Strikingly, mNTKO mice fed with or without ethanol displayed significantly lower TG contents than the WT mice ( Fig. 2B ). Consistently, mNTKO mice fed either with or without ethanol also displayed significantly lower cholesterol contents than their corresponding WT mice (Fig. 2C ). The magnitudes of TGs and cholesterol reduction in the mNTKO mice were similar with or without TABLE 1 Selected parameters in WT and mNTKO mice following ethanol feeding 10 -12- Week-old male WT and mNTKO mice were divided into 4 groups as follows: 1) pair-fed WT control (WT); 2) ethanol-fed WT ethanol-containing diet; 3) mNTKO control; 4) ethanol-fed mNTKO. The animals were sacrificed after 4-weeks. Results are expressed as mean Ϯ S.E. of 4 -11 animals. Means without a common letter differ, p Ͻ 0.05. ethanol feeding (Fig. 2 , B and C). Concordantly, H&E staining of livers revealed that mNTKO mice fed with or without ethanol exhibited less accumulation of hepatic lipid droplets, whereas there was prominent accumulation of lipid droplets in livers of ethanol-fed WT mice ( Fig. 3A ). Furthermore, serum alanine aminotransferase (ALT) was significantly elevated in the ethanol-fed WT and control diet-fed mNTKO mice but were normalized to WT control levels in the ethanol-fed mNTKO mice ( Fig. 2D ).
Parameters
Serum TG levels were not altered by ethanol feeding in the WT mice ( Fig. 2E ). In comparison with the WT controls, serum TG levels were reduced by ϳ40% in the pair-fed mNTKO control mice and by ϳ20% in the ethanol-fed mNTKO mice ( Fig.  2E ). Moreover, ethanol administration to WT mice significantly reduced serum cholesterol levels by ϳ40% compared with WT controls, whereas the cholesterol levels in the mNTKO mice fed with or without ethanol were normalized to the WT controls ( Fig. 2F ). Collectively, these data demon- strated that mNT deficiency ameliorated alcoholic fatty liver injury in mice.
mNT Deficiency Ameliorated Ethanol-induced Hepatic Inflammation in Mice-In comparison with WT mice fed with or without ethanol, mNT deficiency provoked inflammation response as revealed by increased F4/80 ϩ staining, and elevated gene expression of inflammation markers, F4/80 ϩ and Cd68, in livers of the mice fed a control diet ( Fig. 3, A and B) . Remarkably, ethanol administration to the mNTKO mice diminished hepatic inflammation by suppressing those inflammation markers ( Fig. 3, A and B) . Note that ethanol feeding to the WT mice did not alter those inflammation markers (Fig. 3, A and B) .
Neutrophil infiltration is a hallmark of alcoholic hepatitis (34) . Immunohistochemical staining for myeloperoxidase (MPO) revealed that infiltration of neutrophils was higher in livers from the ethanol-fed WT mice or the control diet-fed mNTKO mice compared with the WT controls ( Fig. 3A) . However, fewer MPO ϩ neutrophils infiltrated livers of the ethanol-fed mNTKO mice (Fig. 3A) . Accordingly, hepatic MPO activity and mRNA levels of the neutrophil marker Ly6G were markedly increased in ethanol-fed WT mice and control diet-fed mNTKO mice compared with WT controls (Fig. 3 , B and C). However, both MPO activity and Ly6G gene expression were drastically reduced in ethanol-fed mNTKO mice to the levels of WT controls (Fig. 3 , B and C).
Analysis of mRNAs from livers of control diet-fed mNTKO mice further revealed a substantial increase in the mRNAs of several important pro-inflammatory cytokines, including Inf-␥, Emr1, Mip-1␣, Tgf-␤, and E-selectin compared with the WT control mice ( Fig. 4 ). Strikingly, mRNA expressions of these cytokines were greatly diminished in the mNTKO mice after ethanol administration ( Fig. 4 ). Additionally, in comparison with the control-fed WT mice, the mRNAs of Tnf-␣ (Tnf-␣1 and Tnf-␣2) were modestly increased in the ethanol-fed WT mice, and the induction was augmented in the mNTKO mice fed a control diet ( Fig. 4 ). However, ethanol administration to mNTKO mice completely abolished the ability of mNT deficiency to induce hepatic Tnf-␣ gene expression ( Fig. 4) .
Collectively, our observations indicated that mNT deficiency provoked hepatic inflammation despite displaying lower lipid accumulation in the mice on a control diet. Remarkably, liver inflammation was ameliorated only when ethanol was administrated to mNTKO mice.
mNT Deficiency Elevated Circulating Levels of Lipocalin-2 (Lcn2) But Not Serum Amyloid A-1 (Saa1) in the Ethanol-fed Mice-To understand the underlying mechanism of the attenuated hepatic inflammation in the ethanol-fed mNTKO mice, we further profiled expressions of Lcn2 and Saa1, two major acute-phase proteins known to be involved in the development and progression of ALD (34 -37) .
In comparison with the WT controls, hepatic Lcn2 mRNA expression levels was modestly elevated in the ethanol-fed WT mice, and Lcn2 gene expression was augmented in the ethanolfed mNTKO mice ( Fig. 5A ). Accordingly, the hepatic Lcn2 protein levels were mildly but significantly increased in ethanol-fed mNTKO mice compared with the other three groups (Fig. 5 , B and C). In adipose, whereas Lcn2 gene expression was similar in the WT mice fed with or without ethanol, the Lcn2 mRNA levels were drastically increased in ethanol-fed mNTKO mice compared with all other groups (Fig. 5D ). Serum levels of Lcn2 were slightly but significantly elevated in the ethanol-fed WT mice or control diet-fed mNTKO mice in comparison with the WT control mice (Fig. 5E ). Remarkably, circulating Lcn2 was markedly increased up to ϳ2-fold in the ethanol-fed mNTKO mice compared with all other groups (Fig. 5E ).
Although hepatic Saa1 mRNA and protein levels were markedly elevated in the ethanol-fed WT and control diet-fed mNTKO mice compared with the WT controls, ethanol feeding to the mNTKO mice drastically exacerbated the increases in hepatic Saa1 gene and protein expression ( Fig. 5 , A-C). On the contrary, whereas adipose Saa1 mRNA levels were significantly elevated in the ethanol-fed WT and mNTKO control mice, ethanol feeding to mNTKO mice normalized adipose Saa1 mRNA to the levels of WT controls (Fig. 5D ). Paradoxically, serum Saa1 levels were similar in ethanol-fed WT and WT control mice (Fig. 5E ). The circulating Saa1 levels in the ethanol-fed mNTKO mice were also not altered compared with WT controls, whereas there was a slight elevation in serum Saa1 in the control diet-fed mNTKO mice compared with the other three groups (Fig. 5E ). Our results demonstrated that mNT deficiency elevated circulating levels of Lcn2 but not Saa1 in the ethanol-fed mice.
mNT Deficiency Led to Induction of Adipose-derived Hormone Adiponectin in the Ethanol-administrated Mice-To dissect the molecular mechanisms underlying the mNT deficiency amelioration of alcoholic liver injury, we examined adiponectin production in adipose tissues (11, 16, 17) .
Consistent with our previous findings (38) , serum adiponectin protein levels were significantly lower in ethanol-fed WT mice compared with WT controls (Fig. 6A ). Remarkably, ethanol administration to the mNTKO mice caused a prominent ϳ32% increase in circulating adiponectin concentrations compared with all other groups (Fig. 6A ). Accordingly, ethanol-fed mNTKO mice also exhibited the highest circulating levels of HMW adiponectin in comparison with the other groups ( Fig.  6A ). However, adipose adiponectin mRNA levels in ethanol-fed mNTKO mice were not significantly increased compare with WT controls (data not shown), implying that adiponectin might be regulated post-transcriptionally by mNT deficiency in response to ethanol challenge. Although mRNA expression of fatty acid transporter protein Cd36 were significantly reduced in adipose tissues of ethanol-fed WT mice compared with WT controls, a significant up-regulation in Cd36 mRNA was observed in adipose tissues of the ethanol-fed mNTKO mice compared with all other groups (Fig. 6B ).
Compromised adipose mitochondrial function driven by mNT is associated with an increase in adiponectin production (11) . The uncoupling protein 1 (Ucp1) is a mitochondrial protein in adipose (39) . Indeed, whereas ethanol feeding to WT mice markedly increased Ucp1 gene expression, Ucp1 mRNA levels in the ethanol-fed mNTKO mice dramatically reduced to the WT control levels (Fig.6B ).
Adipose mitochondrial DNA (mtDNA) copy number was significant elevated in ethanol-fed WT and control diet-fed mNTKO mice compared with WT controls (Fig. 6C ). Ethanol feeding to mNTKO mice markedly decreased the adipose mtDNA copy number to the WT control levels (Fig. 6C ). These results suggest that reduced adipose mitochondrial activity in ethanol-fed mNTKO mice might increase adiponectin secretion and production. The hepatic mtDNA copy number was significantly decreased in ethanol-fed WT mice, control dietfed mNTKO mice, and ethanol-fed mNTKO mice to the same extent as in WT control mice ( Fig. 6C) , implying that amelioration of liver mitochondria function might not be the main contributor to the improvements observed in livers of the ethanol-fed mNTKO mice.
Like mNT, NAF-1 (CISD2) primarily localizes in the outer mitochondrial membrane, regulates mitochondria functions, and promotes adiponectin production in adipose tissue (5, 40 -42) . Remarkably, ethanol administration to mNTKO mice significantly increased adipose Cisd2 mRNA expression levels compared with all other groups (Fig. 6D ). Note that adipose Cisd3 mRNA levels were significantly decreased in the ethanolfed WT mice and in mNTKO mice fed either with or without ethanol compared with the WT controls ( Fig. 6D ). Taken together, our data revealed that mNT deficiency led to elevation of adipose-derived adiponectin and its HMW form in the serum of ethanol administrated mice.
mNT Deficiency Increased Ileum Fgf15 Synthesis and Ameliorated Perturbation of Bile Acid Homeostasis in the Ethanol-fed Mice-As shown in Fig. 7A , mRNA expression levels of ileum Fgf15 were slightly elevated in the ethanol-fed WT mice and control diet-fed mNTKO mice, but were increased robustly in the ethanol-fed mNTKO mice, up to ϳ6-fold of the WT controls.
Ileum Fgf15 signaling inhibits hepatic Cyp7a1, the rate-limiting enzyme for the "neutral" pathway of bile acid synthesis in the liver (21) . As shown in Fig. 7B , mRNA levels of hepatic Cyp7a1 were markedly suppressed by ethanol feeding to WT mice, and the repression was exacerbated in the ethanol-fed mNTKO mice, indicating that the enhanced ileum Fgf15 synthesis in the ethanol-fed mNTKO mice could transduce signals to liver.
Hepatic mRNAs of Cyp27a1, which catalyzes the initial step of the alternative bile acid biosynthetic pathway, were significantly suppressed in both the WT and mNTKO mice to the same extent as in WT control mice (Fig. 7B) . The mRNA levels of hepatic Cyp8b1, an enzyme controlling the synthesis of cho- lic acid in the ethanol-fed mNTKO mice were the lowest among all groups (Fig. 7B ).
Ethanol feeding to WT mice significantly increased serum bile acid to ϳ2-fold compared with the WT controls, indicating dysregulation of bile acid metabolism (Fig. 7C ). Serum bile acid levels in the control diet-fed mNTKO mice were reduced by ϳ40% of their WT controls (Fig. 7C ). More strikingly, the ethanol feeding elevated serum levels of total bile acids were completely normalized in the ethanol-fed mNTKO mice (Fig. 7C ). In line with these observations, the hepatic pool of bile acids was modestly elevated in the ethanol-fed WT and mNTKO control mice (Fig. 7D) . The elevated hepatic bile acids were also completely normalized in the ethanol-fed mNTKO mice (Fig.  7D) . Collectively, these data demonstrated that mNT deficiency induced ileum Fgf15 synthesis, normalized the ethanolinduced elevation of serum and hepatic bile acids, and limited the hepatic accumulation of toxic bile in mice administrated ethanol.
mNT Deficiency Modulated Hepatic and Adipose Iron Homeostasis in Mice-In liver, ethanol feeding did not alter the total concentrations of iron and ferrous (Fe 2ϩ , reduced form) in WT mice (Fig. 8A ). However, hepatic iron or Fe 2ϩ concentrations were significantly reduced in the mNTKO mice fed either a control diet or an ethanol-containing diet in comparison with the WT controls ( Fig. 8A ). Liver ferric (Fe 3ϩ , oxidized form) concentrations were substantially increased in the ethanol-fed WT mice up to ϳ8-fold compared with the WT controls. mNTKO mice fed either a control diet or an ethanol-containing diet also displayed a mild ϳ2or ϳ4-fold increase in Fe 3ϩ con-centrations compared with the WT controls ( Fig. 8A) . However, in comparison with the ethanol-fed WT mice, there were ϳ30% decreases in Fe 3ϩ concentrations in the ethanol-fed mNTKO mice, indicating that mNT deficiency partially abolished the ability of ethanol to induce hepatic Fe 3ϩ contents (Fig.  8A) .
In adipose, the concentrations of iron and Fe 2ϩ were significantly increased in the ethanol-fed WT mice by ϳ4and ϳ2.5fold, respectively, compared with the WT controls ( Fig. 8B) . Adipose iron and Fe 2ϩ concentrations were significantly reduced in mNTKO mice fed with or without ethanol in comparison with the WT controls (Fig. 8B ). In comparison with the WT controls, Fe 3ϩ concentrations in the ethanol-fed WT, control-fed mNTKO, and ethanol-fed mNTKO mice were markedly increased by ϳ170-, ϳ8-, and ϳ5-fold, respectively (Fig.8C) . Strikingly, there were dramatic decreases in Fe 3ϩ concentrations in adipose tissues of the ethanol-fed mNTKO mice in comparison with the ethanol-fed WT mice (Fig. 8B) .
Taken together, we observed lower levels of hepatic or adipose iron concentrations and normalized iron homeostasis in mNTKO mice fed with or without ethanol, consistent with a role of mNT as a pivotal factor in the regulation of iron metabolism (1, 11) . More importantly, mNT deficiency partially but significantly abolished the ability of ethanol to induce oxidized Fe 3ϩ contents in liver and adipose tissue of mice.
mNT Deficiency Attenuated Hepatic Oxidative Stress in the Ethanol-fed Mice-mNT regulates oxidative stress (9, 11) . Interestingly, hepatic oxidative stress was not altered in WT mice fed either with or without ethanol and in the mNTKO control mice, as demonstrated by similar levels of hepatic malondialdehyde (MDA) (Fig. 8C ). However, ethanol administration to mNTKO mice markedly decreased hepatic MDA levels by ϳ50% compared with all other groups (Fig. 8C) . The data demonstrated that mNT deficiency attenuated the generation of hepatic oxidative stress in mice after ethanol feeding.
mNT Deficiency Activated Hepatic Sirtuin 1 (Sirt1) and Attenuated Nuclear Factor B (NF-B) Activity in the Ethanolfed Mice-We dissected the mechanism for mNT deficiency in mediating hepatic inflammatory process in the ethanol-fed mice by investigating the major inflammatory regulator hepatic Sirt1-NF-B axis (43, 44) .
Consistent with our previous findings (44) , ethanol administration to WT mice significantly reduced hepatic Sirt1 protein levels compared with the WT control mice (Fig. 9, A and B) . When mNTKO mice were administrated ethanol, the protein levels of Sirt1 were markedly increased to significantly higher than the other three groups, suggesting that mNT deficiency stimulated Sirt1 in the ethanol-fed mice (Fig. 9, A and B) .
Ethanol feeding to WT mice led to markedly stimulated NF-B activity, as revealed by increased acetylated NF-B and elevated NF-B protein expression levels compared with WT control mice (Fig. 9, A and B) . The levels of acetylated NF-B and NF-B were significant elevated in ethanol-fed mNTKO mice compared with WT controls. However, in comparison with ethanol-fed WT mice, hepatic NF-B activity was substantially attenuated in the ethanol-fed mNTKO mice (Fig. 9, A and  B) . Collectively, these results demonstrated that mNT deficiency led to activation of Sirt1 and partial repression of NF-B activity in ethanol-fed mice, suggesting that the amelioration of inflammation in the livers of ethanol-fed mNTKO mice may be regulated by both NF-B-dependent and -independent mechanisms.
mNT Deficiency Inhibited the Expression of Lipid Uptake Cd36 and Activated the Expressing of Genes Implicated in Lipid Oxidation in Mice, and Prevented Ethanol-induced Ketoacidosis in Mice-mNT induces lipid uptake by signaling via Cd36, and reduces mitochondrial fatty acid oxidation in adipose and liver (11) . As shown in Fig. 9C , mRNAs for PPAR␣ and medium chain acyl-CoA dehydrogenase (Mcad) had no significant differences between the ethanol-fed and control diet-fed WT mice, ablation of mNT elevated the mRNAs of Mcad and PPAR␣ in both the ethanol-fed and control-fed mNTKO mice. In addition, whereas ethanol feeding to WT mice slightly reduced hepatic mRNA expression of Cd36, Cd36 gene expression was markedly inhibited in both the ethanol-fed and control-fed mNTKO mice compared with their WT littermates (Fig. 9C ).
Ethanol feeding dramatically increased serum ␤-hydroxybutyrate (␤-OHB) by ϳ16-fold compared with the WT controls, indicating ketoacidosis in the ethanol-fed WT mice (Fig. 9D) . Strikingly, the elevated serum levels of ␤-OHB in the ethanolfed WT mice were largely normalized in the ethanol-fed mNTKO mice, suggesting that mNT deficiency prevented the ethanol-induced ketoacidosis in mice (Fig. 9D) .
It is worthwhile to note that the hepatic mRNAs of enzymes involved in lipogenesis such as fatty acid synthase and acetyl-CoA carboxylase were not significantly altered in the ethanolfed mNTKO mice compared with other groups (data not shown), suggesting that mNT deficiency might reduce hepatic lipid accumulation in mice via lipogenesis-independent mechanisms. Taken together, in line with the published studies (11), we found that mNT deficiency down-regulated CD36 and enhanced expression of the genes involved in lipid oxidation in both the ethanol-fed and control diet-fed mNTKO mice. These results suggested that such effects might suffice to elicit profound hepatic fat reduction in the mNTKO mice regardless of ethanol.
Discussion
mNT is emerging as a pivotal regulator of mitochondrial function, which impacts the dynamics of iron homeostasis, lipid metabolism, and inflammation processes in organs such as adipose and liver (6 -15) . In the present study, utilizing a mNT knock-out mouse model, we uncovered an intriguing role of mNT in the development of experimental alcoholic steatohepatitis in mice. We found that the pair-fed mNTKO control mice exhibited reduction of steatosis but enhancement of liver inflammation and exacerbation of liver injury. Remarkably, following chronic ethanol feeding, mNTKO mice exhibited a dramatic reduction of hepatic fat accumulation, diminished hepatic inflammation, attenuated hepatic production of ROS, and alleviation of liver injury. Mechanistic studies revealed that ethanol administration to mNTKO mice significantly increased the adipose-derived adiponectin and ileum Fgf15 synthesis. Correlating closely with induction of adiponectin and Fgf15, mNT deficiency normalized the ethanol-induced elevation of hepatic bile acid pool and serum levels of bile acids, diminished hepatic NF-B signaling, and reduced hepatic oxidative stress, which, in turn, limited hepatic accumulation of toxic bile and led to prevention of hepatic inflammation, and amelioration of liver injury in mice after ethanol administration. Altogether, our data support a model in which adiponectin and Fgf15 function in concert in mediating the protective effect of mNT deficiency against experimental alcoholic steatohepatitis in mice (Fig. 10) . Our current findings identified a compelling link between the adipocyte-derived adiponectin and ileum Fgf15 synthesis in mNTKO mice after ethanol administration. However, it is not entirely clear whether ethanol primarily induced adipose adiponectin and subsequently (or parallel) led to increases in ileum Fgf15 synthesis in the mNTKO mice. The increased adiponectin in ethanol-fed mNTKO mice might lead to ileum Fgf15 induction. On the other hand, injection of adeno-associated virus-expressing Fgf15 in mice increased adipose adiponectin synthesis (22) . Therefore, it is possible that the ileum Fgf15 production might be induced by ethanol feeding to mNTKO mice, which, in turn, increased adipose adiponectin production. The interplay between adipose adiponectin and ileum Fgf15 and how the adiponectin-Fgf15 axis is mediated by mNT deficiency and ethanol warrants future investigation.
The combined increases in serum total and HMW adiponectin levels might be sufficient to elicit profound hepatic improvements in the ethanol-fed mNTKO mice. Given that both adiponectin and Fgf15 exhibited potent anti-inflammatory properties (15, 16, (45) (46) (47) , elevation of circulating adiponectin and Fgf15 in the ethanol-fed mNTKO mice might also synergistically or additively trigger an anti-inflammation signaling network and protected mNTKO mice from ethanol-induced liver injury.
The diminished inflammatory response in the livers of ethanol-fed mNTKO mice is likely due to decreased liver ferric content, attenuated oxidative stress, and reduced hepatic NF-B activity. Nevertheless, it is intriguing that the deficiency of mNT anti-inflammatory properties required ethanol in the diet. Despite reduced steatosis, mNTKO mice on a control diet exhibited pronounced inflammation, suggesting that reduction of intrahepatic lipid storage enhanced inflammation and exacerbated liver injury. Hence, it is unlikely that attenuated inflammatory response could just be secondary to reduced hepatic lipid accumulation in ethanol-fed mNTKO mice.
Adiponectin directly up-regulates Sirt1 in cultured hepatic cells (44, 48) . The increased hepatic Sirt1 protein levels in ethanol-fed mNTKO mice might be due to their elevated circulating adiponectin levels. Sirt1 exerts anti-inflammatory effects by deacetylation of lysine residues on NF-B and inhibits NF-B activity (44) . Conceivably, the increased hepatic Sirt1 could contribute to the attenuated acetylated NF-B levels and diminished NF-B signaling in the livers of ethanol-fed mNTKO mice.
As it encodes an intestinal endocrine hormone, Fgf15 induction in the ethanol-fed mNTKO mice is of particular interest because Fgf15 is released into portal circulation to negatively regulate hepatic bile acid synthesis (21) . Bile acids are increasingly being recognized as the most sensitive markers of inflammation and liver dysfunction and injury (45, 46) . Conceivably, the normalized hepatic and serum bile acids in the ethanol-fed mNTKO mice might limit accumulation of toxic bile acids such as deoxycholic acid in liver and ultimately ameliorated ethanolinduced liver damage. Fgf15 also has the ability to directly suppress inflammation via signaling through its receptor Fgfr4 (47) . Given that hepatocytes are the only cell type in liver that expresses the Fgf15 receptor complex Fgfr4-␤Kl, it is logical to speculate that increased Fgf15 in ethanol-fed mNTKO mice might exert anti-inflammatory effects by targeting hepatocytes (49) .
It is intriguing that hepatic bile acid synthesis genes such as Cyp7a1 were repressed despite elevated serum and hepatic bile acids in ethanol-fed WT mice. Liver Cyp7a1 gene expression was decreased in chronically ethanol-fed mice (36, 37) . Human alcoholic fatty liver samples also had lower hepatic CYP7A1 mRNA expression levels (37) . On the other hand, several lines of evidence demonstrate that ethanol consumption alters bile acid synthesis by up-regulating the expression of bile acid synthesis genes, including Cyp7a1, Cyp8b1, and Cyp27a1 (50 -52) . Therefore, it is likely that ethanol-mediated accumulation of bile acids might be regulated by both bile acid synthesis-dependent and -independent pathways.
Emerging evidences have revealed a potential role of adiponectin in regulating bile acid metabolism and liver function. The serum adiponectin level is inversely correlated with hepatic bile acid synthesis, serum bile acid levels, and hepatocellular injury in patients with nonalcoholic liver disease (28) . Interestingly, adiponectin also directly regulates bile acid homeostasis-related genes such as Cyp7a1 (28) . Moreover, adiponectin is capable of alleviating toxic bile deoxycholic acidinduced inflammation in esophageal adenocarcinoma cells (53) . In this scenario, it is possible that elevated adiponectin in the ethanol-fed mNTKO mice might directly or indirectly via up-regulation of ileum Fgf15 ameliorate the ethanol-mediated perturbation of bile acid homeostasis, and alleviate liver injury.
A surprising discovery was that observed reduction of ferric concentrations, decrease of mitochondria activity, and increase of adiponectin production in adipose tissues of the ethanol-fed mNTKO mice were similar to the phenotypes of adipocytespecific mNT over-expression mice. More strikingly, mRNA expression of Cisd2 was significantly elevated in adipose but not in liver of the ethanol-fed mNTKO mice. Therefore, it is tempting to speculate that adipose CISD2 induction might act as a compensatory molecule in regulating the effect of ethanol in the mNT-deficient mice (5, 40 -42) . Performing ethanol feeding studies by using genetically modified mouse models such as adipose-specific Cisd2 null mice or mNT/Cisd2 double knock-out mice in the future could help to provide more definitive answers.
Lcn2 has been identified as a proinflammatory molecule, and plays a key role in the pathogenesis of ALD (34, 37) . We have recently found that myeloid cell-specific lipin-1 deficiency reduced serum Lcn2 levels and ameliorated alcoholic hepatitis in mice. 4 Paradoxically, mNT deficiency increased circulating Lcn2 in ethanol-fed mice. Emerging evidences suggest that Lcn2 also exerts protective functions against liver injuries by acting as a "help me" signal (54) . It is tempting to speculate that mNT deficiency-mediated elevation of Lcn2 may trigger antiinflammatory signaling and protect the mice from ethanol-induced liver damage. Additional studies are required to further dissect the mechanism underlying this intriguing phenotype.
The mechanisms underlying the disassociation of hepatic Saa1 gene and protein expression and serum levels of Saa1 in 4 M. You, unpublished data. ethanol-fed mNTKO mice remain to be elucidated. Liver is the most important organ for expression and secretion of Saa1 during the acute-phase response. However, during the non-acute phase, adipose tissue is the main source of Saa1 in obese subjects (55, 56) . Unlike in liver, adipose Saa1 gene expression was not elevated in the ethanol-fed mNTKO mice. Therefore, it is tempting to speculate that serum Saa1 is closely associated with adipose Saa1 but not liver.
Ethanol metabolizes in the liver via alcohol dehydrogenase, aldehyde dehydrogenase 2, or cytochrome P-450 2E1 to produce metabolic byproducts such as acetaldehyde or ROS. Considerable evidence indicates that hepatic ethanol metabolism is associated with alterations in hepatic mitochondria function, and consequently, promotes liver injury (29, 30) . For instance, hepatic ethanol metabolism is required for mitochondrial depolarization in mouse liver (56) . The role of mNT in mediating effects of hepatic ethanol metabolism on mitochondrial function is currently under investigation in our laboratory.
In summary, our data suggested that the regulations of various endocrine hormones, in particular, the induction of adipocyte-derived adiponectin and ileum Fgf15 synthesis were the main contributors to the observed improvements in livers of the ethanol-fed mNTKO mice. Our findings are consistent with the large body of evidence that ALD is driven by organ crosstalk among adipose, intestine, and liver (29) . Furthermore, we have provided new evidence that consuming alcohol could be a potent and efficient way of eliciting anti-inflammatory properties and of alleviating liver injury in mNTdeficient mice. Our novel findings raise the exciting possibility of utilizing mNT antagonists as novel treatments for human alcoholic steatohepatitis.
Experimental Procedures
Reagents-Most chemicals and supplies were purchased from Thermo Fisher Scientific Inc. (Rockford, IL) and Sigma.
Animal Models of Chronic Alcohol Feeding-Male wild-type mice (C57BL/6J) were purchased from Jackson Laboratory or bred in the vivarium associated with our laboratory. Global mNTKO mice were obtained from Taconic Laboratories, and were kindly provided by Dr. Werner J. Geldenhuys (Northeast Ohio Medical University) (57) . mNTKO mice on C57BL/6 background were viable and phenotypically normal under a chow diet.
All mice were maintained on a normal chow diet (NIH-31 Open Formula Mouse/Rat Sterilizable Diet 7917, Teklad Diets, Madison, WI) before beginning the ethanol feeding study. Lieber-DeCarli control and ethanol liquid diets were purchased from Bio-Serv (Frenchtown, NJ) (32, 33, 37) .
Ten to 12-week-old male mNTKO and their age-matched WT mice were divided into following four groups: 1) WT control; 2) WT plus ethanol (identical to the control diet but with 5% (w/v) ethanol added); 3) mNTKO control; 4) mNTKO plus ethanol. The dietary and nutritional intake of the control mice were matched to those of the ethanol-fed mice by pair feeding the same volume of isocaloric liquid diet for 4 weeks. Ethanol was introduced gradually into the diet as described previously (32, 33, 37) . For mice on an ethanol-containing diet, animal cages were placed on heating pads to maintain body temperature to prevent ethanol-induced hypothermia.
After 4 weeks on the liquid diets, the mice were euthanized, and blood and tissue samples (liver, adipose, and intestine) were collected. All animal experiments were approved by the Institutional Animal Care and Use Committee of Northeast Ohio Medical University. All experiments were performed in accordance with relevant guidelines and regulations.
ELISA from Mouse Serum-The serum level of Lcn2 was measured by using a Lipocalin-2/ab199083 Mouse ELISA Kit (Abcam, Cambridge, MA). The serum level of Saa1 was measured by using a Saa1/ab157723 Mouse Elisa Kit (Abcam). Serum levels of ALT and AST were determined by using the MaxDiscovery ALT and AST Assay Kits (Bioo Scientific, Austin, TX). Plasma or tissue triglyceride and cholesterol were determined by using the Infinity Cholesterol and Triglyceride Reagents (Thermo Scientific). Serum levels of total adiponectin were determined using a commercial ELISA kit from BioVendor (Candler, NC). Serum levels of HMW forms of adiponectin were determined by using a Mouse Adiponectin Assay Kit from ALPCO (Salem, NH). Plasma ␤-OHB was measured by using a ␤-Hydroxybutyrate Assay Kit (Cayman Chemicals, Ann Arbor, MI). The serum level of insulin was measured by using a Ultra Sensitive Mouse Insulin ELISA Kit (Crystal Chem, Downers Grove, IL). The serum level of glucose was measured by using a Glucose Assay Kit (Abcam). Analyses were performed with a SpectraMax i3x microplate reader (Molecular Devices, Sunnyvale, CA).
Measurement of Liver Lipid-Liver triglyceride and cholesterol contents were measured as described previously (37) .
Staining for H&E, F4/80 ϩ , and MPO-Liver tissues were fixed in 10% formalin and embedded in paraffin. Embedded liver tissues were sectioned and stained with hematoxylin and eosin (H&E) (37) . Embedded liver tissues were also subjected to immunohistochemical staining for F4/80 ϩ or MPO by using allophycocyanin-Alexa Fluor 750-conjugated rat anti-mouse F4/80 ϩ monoclonal antibody (Thermo Fisher Scientific) or rabbit anti-MPO polyclonal antibody (Abcam) (37) . Sections were incubated with Alexa Fluor 488-conjugated goat anti-rabbit IgG secondary antibody (Thermo Fisher Scientific) for a MPO antibody. Positive cells for F4/80 ϩ or MPO were randomly photographed using a fluorescence microscope, and positive density was quantified using the software Image-Pro Plus (Media Cybernetics, Bethesda, MD).
MPO Activity Assay-To determine MPO activity, the liver tissues were weighed and homogenized on ice in 1 ml of PBS with 0.1% Nonidet P-40. The homogenates were centrifuged at 12,500 rpm for 15 min and the supernatant was transferred. The MPO activity was measured using assay kits (Abcam, ab105136). One unit of MPO activity was defined as the amount of myeloperoxidase to reduce 1 mol of hydrogen peroxide per minute. The results of MPO activity were expressed as units of MPO activity per g of liver weight (milliunits/g of liver).
Lipid Peroxidation-The lipid peroxidation product in liver was measured using methods based on the formation of the thiobarbituric reactive substances and expressed as the extent of MDA production, as described previously (36) .
